Abstract-This letter addresses the optimum energy partition between the midamble and data fields, given the total energy per burst, in channel estimation for joint detected time-division code-division multiple-access systems. We show that, given the lengths of the data and midamble, in general, the optimal solution requires different amplitude levels. We also derive the burst structure leading to the optimum energy partition with equal amplitude symbols, and the performance degradation by using traditional choices. The analysis is validated by simulations.
I. INTRODUCTION

I
N THIS LETTER, we consider channel estimation for burst mode code-division multiple access (CDMA), with results directly applicable to third-generation mobile radio systems for the proposed time-division CDMA (TD-CDMA) and time-division synchronous CDMA (TD-SCDMA) schemes [1] , [3] . Channel estimation is required to reduce intersymbol and multiple-access interference when equalization against multipath propagation [9] , [10] , [16] or interference reduction techniques [8] , [15] are adopted. In TD-CDMA systems, channel estimation can be accomplished by inserting a known sequence of symbols at the chip rate called midamble. Low-complexity unbiased estimators are included both in the universal mobile telecommunications system (UMTS) TD-CDMA [3] and China Wireless Telecommunication Standard (CWTS) TD-SCDMA [1] standards, based on proposals presented in [13] and [14] . However, in all previous works, it has been assumed that the signal amplitude remains constant over all the burst, which is composed of data and midamble. It is important to note that imperfect channel estimation has an impact on data reception usually based on joint detection (JD). Therefore, it is of theoretical and practical interest to investigate if, for a given total energy per burst, making the estimate more reliable by subtracting some energy from the data in favor of that of the midamble can give some performance improvement. Hence, from a bit-error rate (BER) point of view, there is a tradeoff in the energy partition between data and midamble.
In this letter, we remove the constraint on amplitude levels for data and midamble and, by fixing the total amount of energy per the entire burst, we analytically derive the signal-to-noise ratio (SNR) on the estimate and the optimum energy distribution. Moreover, we also analytically derive the ratio between data and midamble lengths under which a constant amplitude over a burst is the optimal solution, and the performance degradation with some known choices. To validate the analytical results, a simulation of the uplink for UMTS TD-CDMA and CWTS TD-SCDMA is carried out, according to [1] , [3] , and [4] .
II. MODELING AND ASSUMPTIONS FOR CHANNEL ESTIMATION
In this section, channel estimation for CDMA adopting a quadrature phase-shift keying (PSK) or a binary PSK modulation is addressed, assuming the burst structure as depicted in Fig. 1 . Moreover, we extend the analysis presented in [12] - [14] by assuming arbitrary amplitudes for data and midamble. We consider a discrete-time system model in the equivalent low-pass domain with sampling at chip time and a synchronous CDMA. 1 We also assume that the impulse response of the channel is constant during a burst. Letting be the number of active users, JD receivers theoretically need the estimate of impulse responses to each receiving antenna element, one from each user. The generic th channel is a column vector of complex elements , with
, and the set of the channel impulse response is of dimension . Assuming a midamble of length (see Fig. 1 ) and a transmitted midamble sequence from the th user , only samples of the received signal for the estimation are not interfered by the data symbols, i.e., . Let be the midamble sequences matrix that maps the channel impulse response space into the received signal space in the absence of noise, where (1) is related to the th user's midamble sequence with elements . With this notation, we write the received vector as (2) where is the noise vector, having autocorrelation matrix , being the identity matrix. A linear estimator must provide an estimate of the channel, starting from the knowledge of the midamble sequences, , and the received vector, , by (3) where is a proper matrix representing a linear transformation. In the following, estimators will be classified in biased and unbiased, and characterized by the SNR where the noise power does not include the eventual bias [11] .
The matched-filter (MF) estimator is obtained with , and the SNR for the th sample for MF estimation becomes . The minimum meansquare error (MMSE) unbiased estimator is given by , that is also the maximum-likelihood (ML) estimator due to the Gaussian nature of the additive noise [2] , [11] . By setting , (3) gives (4) where is a zero-mean Gaussian noise with autocorrelation matrix . Letting be the th element in the diagonal of the matrix , the SNR for the th sample in the case of ML estimation becomes [14] . Comparing the performance of MF and ML estimators, we can observe that the latter is unbiased but it has a SNR degradation, with respect to the former, equal to . In [14] , a methodology to obtain as a function of codes, and a procedure to obtain codes with an SNR degradation small and independent from , is proposed. In the following, this value will be assumed as known.
III. ENERGY PARTITION
In this section, we derive the performance of the transmission system, taking into account channel estimation errors, and by removing the usual assumption [13] , [14] of constant amplitude within one burst. Moreover, the optimum energy partition is determined to give the best quality of service in terms of BER, for a fixed total energy per burst.
In the presence of active users, with spreading factor and spreading sequences with elements for or , the signal transmitted by the th user at time is (5) where is the transmitted data at time and is the number of symbols in the data field. Letting be the th channel impulse response sample for the user , and be the thermal noise sample at time , the samples of the received signal for are (6) Assuming a total energy per burst , where and are the energies for data and midamble, symbol amplitudes 2 are ( is the chip interval) (7) and (8) respectively. Starting from the channel estimation and the received signal , the receiver generates the symbols . According to [12] and [14] , we assess the performance of a generic JD receiver [5] - [7] by means of the mean-square error (MSE) defined as (9) where .
From (4), since is the th sample of the perturbation on the channel estimation related to the th user, the generic sample of the estimated impulse response can be written as . Since and are zero mean and uncorrelated, by setting the mean Euclidean distance in (9) for the reference data sequence becomes . In the case of perfect channel estimation , we have , whereas in the general case of imperfect channel estimation, we have (10) This expression is simplified by adopting the following assumptions:
• transmitted symbols from different users are statistically independent and zero mean; • samples of the perturbation of in different instants are uncorrelated, resulting in, the estimation being unbiased, . Note that the last hypothesis is strictly valid only for ideal codes with matrix diagonal. However, for actual well-designed codes, the elements outside the diagonal can be neglected, and it is therefore possible to consider . 3 Now, by construction of and by assuming , the MSE becomes (11) that is composed by two terms due to the thermal noise on the data and on the estimate, respectively. Therefore, the ratio between the signal power and the noise power, including the error on the channel estimate, becomes (12) Assuming a total energy per burst constant, if the same amplitude over the burst is adopted [equal amplitude (EA)], i.e., , the ratio between the energy dedicated to data and the total energy per burst is given by (13) However, since we are interested in minimizing the BER, we have to maximize the SNR, or, equivalently, to minimize the ratio where . In Fig. 2 , we show as a function of the ratio between the energy dedicated to data and the total energy per burst, for normalized to one, in the case of (valid for both the European Telecommunications Standards Institute (ETSI) type 3 With Varfxg we indicate the variance of x, whereas denotes the Kronecker delta. (14) where , and . This OP solution (14) can be written for the amplitudes as (15) As is clear from the latter equation, this optimum requires two different amplitude levels for data and midamble, and this has to be taken into account in the transmitter design.
The last point in our investigation is concerned with the quantification of the gain, in terms of SNR, comparing our OP approach with the EA case . This gain, represented in Fig. 3 , can be expressed as (16) We can observe that for ; moreover, asymptotically for approaching zero, and for approaching infinity. Assuming for ETSI TD-CDMA and CWTS T-SCDMA a value , from (14), we found that is equal to 0.64 for ETSI burst type 1 and 0.67 for CWTS . With these values, by using OP instead of EA, we can observe from (16) a gain in terms of SNR of about 0.5 dB and 0.7 dB for ETSI and CWTS, respectively.
IV. NUMERICAL RESULTS
The numerical results presented in this section are related to the radio interfaces defined by ETSI [3] : the simulations are concerned with the uplink for different scenarios, including vehicular, pedestrian, and indoor channels [4] . By fixing the total amount of energy per burst and the thermal noise power, the error rate has been carried out as a function of the ratio . We have considered JD by means of an MMSE receiver, ideal slow power control, and perfect synchronization. We consider that each user transmits uncoded random bits over one slot per frame, with mean SNR of 13 dB. In Fig. 4 , the ETSI burst type 1 is considered: the BER versus the partition coefficient is reported for different channel models (type B). We can note that for all considered cases, the minimum BER is achieved with in the range [0. 6,0.7] according to the analytical evaluation (see Fig. 2 ). Performances of the CWTS frame format with different number of users in a pedestrian channel are shown in Fig. 5 . Again, the minimum BER falls in the range as analytically predicted.
V. CONCLUSION
In this letter, channel estimation for third-generation TD-CDMA mobile radio systems has been addressed. It has been shown that a proper energy partition between the midamble and data fields can improve the performance, with the only price to pay in the use of two different amplitudes within a burst. The optimum energy partition has been analytically carried out in the presence of real midamble sequences, and the improvement in terms of SNR has been derived in closed form as a function of the ratio between the data and the midamble lengths, and midamble sequences. To validate the approach, the TD-CDMA radio interface has been simulated for ETSI and CWTS proposals, allowing different energy partitions, with numerical results fully confirming the theoretical analysis.
